Abstract-Simulation of modular multilevel converter (MMC) based high-voltage direct current (HVDC) systems assumes significance due to their growing popularity. It could assist with the design of hardware, control systems of MMC and HVDC networks, and power system topology. However, simulation of MMC-HVDC using existing software takes a long time due to the presence of a large number of states and non-linear devices. This paper presents an ultra-fast single-or multi-CPU simulation algorithm to simulate the MMC-HVDC system based on statespace models and using hybrid discretization algorithm with a relaxation technique that reduces the imposed computational burden. Using the developed simulation algorithm, a control system is developed for an MMC-HVDC system that reduces the switching losses in the system.
I. INTRODUCTION
The modular multilevel converter (MMC) has become an attractive topology in high-voltage direct current (HVDC) transmission systems due to its attractive features like modularity and scalability [1] . Simulation of MMC, therefore, assumes significance. A few simulation algorithms of MMC-HVDC have been proposed in [2] - [6] . While the simulation algorithm in [3] does not consider the blocked-state of the MMC submodules (SMs), the algorithms in [5] , [6] are susceptible to numerical oscillations and inaccuracy while simulating the blocked-state of the SMs. The simulation algorithms in [2] - [6] use Dommel algorithm and model the devices like IGBTs, diodes, and thyristors with simple resistors or with voltagesources and resistors. However, the modeling of devices as ideal devices can greatly reduce the computational burden imposed without significant loss of accuracy. The loss of accuracy is minimal as the conduction and switching power losses in the MMC-HVDC systems are extremely small compared to the total power transmitted [7] .
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either explicit discretization algorithms with extremely small time-steps or implicit discretization algorithms with A-stable and stiff-decay properties [8] . Moreover, while modeling circuits with only ideal devices, state-space system models are generated for all the different circuit topologies possible based on the state of the diodes and thyristors [9] . This results in a large number of possible state-space system models for the MMC-HVDC system with the requirement of transition algorithms from one state-space system model to another based on an event detection algorithm [9] . The aforementioned requirements impose a large computational burden to simulate an MMC-HVDC system with a large number of devices.
In this paper, the MMC-HVDC system model is used to identify the components in the DAEs and the specific operating
conditions in which the stiffness is introduced. The stiff parts of the DAE are separated and a hybrid discretization algorithm is used to simulate the different parts of the DAE. The hybrid discretization algorithm consists of an implicit and an explicit discretization algorithm that discretize the appropriate parts of the DAE. Moreover, a relaxation algorithm is introduced to avoid the requirement of the large number of state-space system models and their corresponding transition and event detection algorithms. The proposed simulation algorithm of the MMC-HVDC systems is validated using a reference PSCAD/EMTDC model under various operating conditions. It is used to develop a control system for the MMC-HVDC system that reduces the switching losses in the system.
II. PROPOSED MMC ALGORITHM The circuit diagram of a three-phase MMC is shown in Fig. 1 . The basics of operation of the MMC is explained in detail in [1] and is not repeated here.
A. The MMC System Model
The dynamics of the arm currents in the MMC of Fig. 1 are given by (1) , where v sm,y,i,j is the output voltage of SM-i in arm-y, phase-j. It can be observed from (1d) that there are only five independent arm currents.
The dynamics of the SM capacitor voltages in the MMC of Fig. 1 are given by
Equations (1) and (2) are the set of semi-explicit DAEs that represent the overall dynamics of the MMC. Under normal operating conditions when one of the devices in the SM is always turned ON, (1c) and (2) become
When an SM changes its state under normal operating conditions, it will be in blocked-state for a small duration (defined by dead-time). The impact of dead-time is neglected in (3) as it has been observed to be insignificant on the states of the MMC-HVDC system that is controlled using the nearest level control. Based on (1a), (1b), and (3), the dynamics of the arm current of the MMC is given by
where
Equation (4) is a linear ordinary differential equation (ODE) if z is treated as an input variable. Similarly, the dynamics of the capacitor voltage represented by (3b) is a linear ODE if i y,j is treated as an input variable. The aforementioned partition of the system by previous algorithms either used an artificial delay [6] or through nested fast and simultaneous
, otherwise. simulation (NFSS) [2] - [5] . While the former usually leads to erroneous results with stiff systems as may be noticed in the MMC blocked-state results in [6] , the latter imposes additional computational burden as will be shown later. The other means of partitioning the system is if at least one of the partitioned system can be discretized using an explicit algorithm, which is possible with both the partitioned systems in this case.
When the SMs are in blocked state, (1c) and (2) become
The sgn(.) function in (7a) introduces stiffness in the system. The arm voltage v y,j is defined by the system operating conditions and varies between 0 and Fig. 2(a) . To reduce the stiffness in the system and to avoid the requirement of circuit reconfiguration, a hysteresis relaxation technique is introduced that approximates the arm voltage as shown in Fig. 2(b) . On substitution of the approximated arm voltages in (1a) and (1b) and using (1d), a linear ODE similar to (4) is obtained for the five independent arm currents. An argument similar to the one presented in the normal operation conditions scenario can be presented in the blocked SM scenario as well, which results in partitioning of the MMC-HVDC system in to two systems, namely, one representing the arm current dynamics, and the other representing the SM capacitor voltage dynamics. Each system is represented by linear ODEs with an input vector from the other system.
B. Hybrid Discretization
The greater the slope of the hysteresis curve in Fig. 2(b) , the greater is the accuracy of the simulation of the MMC-HVDC system under blocked SM scenario. However, a smaller time-step will be required to discretize the MMC-HVDC system model with explicit discretization algorithms. That is, for greater accuracy and to avoid unnecessarily small timesteps, implicit discretization algorithms with stiff-decay and A-stable properties, like backward Euler, should be preferred to discretize the MMC-HVDC system model.
Based on (7a), (1a), and (1b), it is noticed that the stiffness in the MMC-HVDC system model during the blocked SM scenario is only present in the arm current dynamics. The stiffness is introduced by the presence of sgn(.) function. The sgn (i y,j ) present in the SM capacitor voltage dynamics can be treated as an input, thereby, making it a non-stiff system. Therefore, instead of discretizing the complete MMC-HVDC system model with an implicit discretization algorithm, only the arm current dynamics can be discretized using a stiff implicit discretization algorithm. The SM capacitor voltage dynamics can be discretized using an explicit discretization algorithm like forward Euler.
The use of implicit discretization algorithm on the complete MMC-HVDC system will require the inversion of (6N + 5) × (6N +5) matrix at every time-step, where N is the number of SMs in each of the MMC. The variable N can be of the order several hundreds today to several thousands in the near future. As will be shown in the next section, the hybrid discretization algorithm will require only the inversion of a 5 × 5 matrix at every time-step, thereby, reducing the computational burden imposed immensely.
C. Implementation
Forward Euler based discretization of the system representing the SM capacitor voltage dynamics results in (6) , where h is the simulation time-step and k represents number of time-steps taken from t = 0. Equation (6) 
Rn,a − Rn,c
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wherez = ṽ p,aṽn,aṽp,bṽn,bṽp,cṽn,c T andṽ y,j is an approximated arm voltage. The approximated arm voltage under blocked operating condition, as shown in Fig. 2(b) , is implemented as follows:
where v y,n,j [k] and R y,j [k] are defined in (8) .
The approximated arm voltage under normal operating conditions is implemented as follows: 
Each approximated arm voltage requires only one floatingpoint operation per SM in the worst-case scenario as S yi1,j [k− 1] can be implemented using a conditional statement in (13a). That is, the SM capacitor voltage and arm voltage per SM calculation, under the worst-case scenario, requires only 4 floating-point operations. In comparison, the nodal algorithms [2] , [4] require at least 25 floating-point operations [10] . That is, there is more than 6 times improvement in the theoretically required computational resources to evaluate the SM capacitor voltages and arm voltages. A comparison of the proposed algorithm to the algorithms in [5] , [6] is avoided due to their ineffective blocked-state implementations (although at least a two times improvement in theoretically required computational resources is observed). Substituting the approximated arm voltages from (11) and (12) in (10) results in the following:
and A 1 is defined in (9) . The inversion of (M 1 − A 1 .h), a 5 × 5 matrix, is required at every time-step to calculate the arm currents. The overall implementation of the MMC-HVDC simulation algorithm is summarized in Fig. 3 . In the figure, v c refers to the vector consisting of all the SM capacitor voltages, r arm refers to the vector consisting of R y,j , and i refers to the vector containing all the arm currents. The SM capacitor voltage system calculations are based on (6) and the arm current system calculations are based on (14) . Parallel computation of the SM capacitor voltages is feasible in the SM capacitor voltage system if a multi-core CPU is used.
III. MMC CONTROL SYSTEM
The MMC control system comprises qd ac-side current control and qd circulating current control of the second-and fourth-order harmonics. The ac-side current and circulating current control strategies are based on the strategies described in [11] . The control of fourth-order harmonic of the circulating current is not considered in [11] , but is considered in this paper as third harmonic injection is considered in the modulation indices. The presence of third harmonic improves the range of modulation indices, but introduces a fourth harmonic component in the circulating current.
In addition to the qd ac-side and circulating currents' control, 0-component of the circulating current and the average of all the SM capacitor voltages in the MMC (defined by v Defining v j,c = v n,j − v p,j 2 , the corresponding peak voltage is given by
where v q and v d are the qd components, respectively, of the ac-side voltages v abc . The rest of the parameters are described in Figs. 1 and 4 . The factor of 1.15 is introduced due to the third harmonic injection in the modulation indices. The arm modulation index and its constraints are given by [1]
The peak value of m y,j is given by
Substituting v j,c,pk from (16a) in (18) and re-aligning to obtain
The reference for 0-component of the circulating current,
The variation in the average value of the capacitor voltage reduces the switching frequency and increases efficiency of the system, as will be shown through simulation results. For stable operation of the MMC system, as has been noticed in simulations, the control of the 0-component of the circulating current assumes significance. The MMC control system is summarized in Fig. 4 . NLC in Fig. 4 refers to nearest level control, which is described in detail in [12] .
The SM capacitor voltage balancing algorithm is summarized in Fig. 5 . It is based on the O(N ) algorithm developed in [11] to minimize the computational burden imposed. In addition to the algorithm in [11] , an upper limit is applied on the SM capacitor voltages. If an ON-state SM has a capacitor voltage greater than the upper limit and current is positive, then it is turned OFF to avoid further charging of the corresponding capacitor. Similarly, if an OFF-state SM has capacitor voltage greater than the upper limit and current is negative, then it is turned ON to allow discharge of the corresponding capacitor. The upper limit is based on the design of the SM and depends on the lowest of the rated voltages of the different components of the SM. This improvement over the algorithm in [11] 
where k 1 , k 2 , and k 3 are the parameters obtained from curvefitting on-state voltage drop data from the device's datasheet and i dev is the current flowing through the device. The subscript dev can be IGBT or diode based on the device being considered. The switching losses are calculated based on dividing the energy losses in certain duration by the corresponding time duration. The energy losses can be the energy lost while turning on an IGBT, energy lost while turning off an IGBT, and energy lost in the reverse recovery of the diode. Each of aforementioned energies are calculated based on
where E 1,x , E 2,x , E 3,x , E 4,x , and E 5,x are the parameters obtained from curve-fitting energy losses from the device's datasheet; x in the subscript E dev,x can be on, off, and rr to represent IGBT turn-on energy loss, IGBT turn-off energy loss, and diode reverse recovery loss, respectively; v dev,off refers to the voltage across the device during off-state; and, v nom refers to nominal voltage at which the energy data is available in the datasheet.
V. SIMULATION RESULTS & COMPARISON
In this section, a real-world MMC system is considered to validate the accuracy of the developed simulation algorithm and compare the developed control system with the existing ones. A 401-level study MMC system is considered based on the France-Spain MMC-HVDC interconnection described in [4] . Only one MMC is considered to compare the developed simulation algorithms and the control system with existing algorithms and control systems, respectively. The dc-link is assumed to be a dc-source and the ac-side is assumed to be a 3-phase ac-source. fault conditions. Once the fault occurs in the third case-study, the IGBTs are blocked.
A. Validation of Simulation Algorithm
The MMC phase-a arm currents and average arm SM capacitor voltages are shown in Fig. 6 closely match with the reference results. An error analysis performed in both the case-studies shows errors less than 0.5%. The time taken by PSCAD/EMTDC to simulate 0.1 s is approximately 21 hours, whereas, the time taken to simulate 1 s using the developed simulation algorithm is approximately 3.8 s. The time-step considered for simulation in both the cases is 4 us. The aforementioned result confirm the expected speedup of the simulation.
The MMC phase-a arm currents in the blocked-state operation under dc-link fault are shown in Fig. 8 . The plot indicates that the results obtained from the proposed simulation algorithm closely match with the reference results.
B. Comparison of the Proposed Control System
The operation of the proposed control system under various operating conditions and a comparison of the proposed control system with the existing ones are considered in this section. The comparison is performed only with control systems that consider an O(N ) SM capacitor voltage balancing algorithm like the ones in [13] , [14] . These control systems impose much lower computational burden when compared to the ones that [15] - [18] . The algorithm in [11] is not considered for comparison due to capacitor voltage overvoltage violations that were observed.
For the loss analysis performed in this section, a 3.3 kV and 1.5 kA switch (IGBT with anti-parallel diode) with part number '5SNA1500E330305' is considered. The parameters defined in Section IV for the aforementioned device are documented in Table I .
With the over-voltage limit of SM capacitors set to 10% higher than the nominal capacitor voltage, the simulation of the study MMC system is performed using the developed control system. The individual upper-arm phase-a SM capacitor voltages under four operating conditions are shown in Fig. 9 to show the successful operation of the proposed control system. The SM capacitor voltages show no over-voltage violations in all the cases.
A loss analysis is performed on the study MMC system under various operating conditions and using different control systems. The different control systems considered include the proposed control system in this paper and the ones described in [13] - [15] . The control system described in [15] is modified to an O(N ) SM capacitor voltage balancing algorithm. The energy savings from the proposed control system compared to the existing control systems is summarized in Table II . As may be noticed from the table, large energy savings ranging from 20 kW to 6.2 MW are observed under the various operating conditions considered.
VI. CONCLUSIONS
A simulation algorithm of the MMC-HVDC based on statespace models, hybrid discretization, and a hysteresis relaxation technique is proposed in this paper that imposes lower computational burden compared to the existing simulation algorithms. Based on the developed simulation algorithm, a control system for the MMC-HVDC is proposed that lowers the switching losses over various operating conditions when compared to existing control systems. The simulation algorithm is validated using a reference PSCAD/EMTDC MMC-HVDC system simulation results. Close to 6 times speed-up of the proposed simulation algorithm is proven theoretically with existing algorithms and close to 200, 000 times speed-up when compared with the PSCAD/EMTDC reference simulation. The performance of the control system is verified through simulation and it is compared with existing control systems in terms of energy savings to indicate savings between 20 kW to 6.2 MW.
